Abstract-This paper proposes a high efficiency power conversion system (PCS) for battery-ultracapacitor hybrid energy storages. The proposed system has only one bidirectional dc-dc converter for hybrid power source with batteries and ultracapacitors. The hybrid power source has bidirectional switching circuits for selecting one energy storage device. Bidirectional power flow between the energy storage device and high voltage capacitor can be controlled by one bidirectional converter. An asymmetrical switching method is applied to the bidirectional converter for high power efficiency. Switching power losses are reduced by zero-voltage switching of power switches. System operation and design considerations are presented. The experimental results are provided to verify the performance of the proposed system.
INTRODUCTION
An energy storage device with high energy density and high power density is strongly desired for future electric vehicles and distributed generations [1] . A battery has a relatively high energy density but a low power density compared to an ultracapacitor [2] . In contrast, the ultracapacitor has a relatively high power density but a low energy density compared to the battery [3] . In order to offset the battery and ultracapacitor weakness, a batteryultracapacitor hybrid power source has been utilized [4] , [5] . Fig. 1 (a) shows a conventional circuit diagram of the power conversion system (PCS) for battery-ultracapacitor hybrid energy storages [4] - [6] . Two bidirectional dc-dc converters are required for bidirectional power flow between the energy storage device and high voltage capacitor. To achieve high power density, the bidirectional converters usually operate in the discontinuous-conduction mode (DCM) [7] . By this hybrid configuration, longer life and higher efficiency are expected for the battery due to reduced power and less charging and discharging cycles [8] . At the same time, space and cost reduction of the ultracapacitor is expected due to reduced energy required for the ultracapacitor. The conventional system, however, has two bidirectional 978-1-4673-4355-8/13/$31.00 ©2013 IEEEconverters for the bidirectional power flow control. It yields high weight, large volume, and high cost of the system, which limit the practical design of the PCS. Another concern for a high efficiency system is the power efficiency of the bidirectional converter. High charging and discharging operation causes high switching power losses of the bidirectional converter [9] , [10] . It reduces the power efficiency of the bidirectional converter, eventually decreasing the entire system efficiency. This paper proposes a high efficiency PCS for batteryultracapacitor hybrid energy storages. As shown in Fig. 1(b) , the proposed system has one bidirectional dc-dc converter for the hybrid power source with batteries and ultracapacitors. The hybrid power source has bidirectional switching circuits for selecting one energy storage device. Bidirectional power flow between the energy storage device and high voltage capacitor can be controlled by one bidirectional converter. For a high efficiency system, an asymmetrical switching method is applied to the bidirectional converter. Switching power losses are reduced by zero-voltage switching of power switches. Thus, the proposed system has a simple circuit structure, achieving high power efficiency. System operation and design consideration are presented. A 1-kW hardware system has been built. It has been tested with the energy storage devices for a 192-V, 2. Initially, when the gate signal Gate 2 is applied, the switch S B2 is turned on at t = t 0 . The inductor current i LB increases linearly. At t = t 1 , all switches are turned off. The inductor current i LB will charge C B2 and discharge C B1 during the dead time t d . As the capacitor charging and discharging rates are slowed down, the switch turn-off loss is reduced. After C B1 is fully discharged, the diode D B1 takes over the inductor current at t = t 2 . The switch S B1 can be turned on under zero-voltage condition because the diode D B1 is carrying the inductor current. The inductor current continuously decreases until it passes through zero and changes its direction. At this time, the inductor current will go through the switch S B1 . Then, the diode D B1 turns off naturally without having any reverse recovery losses. The switch S B1 creates a negative current, which helps charging C B1 and discharging C B2 at t = t 3 . After C B2 is fully discharged, the voltage across S B2 becomes zero and the diode D B2 will carry the inductor negative current at t = t 4 . Then, S B2 is turned on at zero-voltage condition. Both switches S B1 and S B2 are turned on at zero voltage for T s . The relationship between the maximum current I max and the minimum inductor current I min can be expressed as 
where V L is the low-side voltage for V BT and V UC . P is the load power. ∆I is the inductor ripple current. For zero-voltage switching of power switches, the minimum inductor current in (4) should be negative. Then, the inductor L B should be designed to satisfy the following condition as
where R is the load resistance. In case of discharging mode, S B1 is controlled with the duty ratio D. The switching operation of the bidirectional converter can be analogously inferred for discharging mode. Fig. 4 shows the control-block diagram of the bidirectional converter for charging and discharging modes, respectively. Fig. 4(a) shows the control-block diagram for charging mode. The high voltage V H is regulated to be a constant voltage. The bidirectional converter steps down the high voltage V H to the low voltage V L . When S B2 is turned on, the inductor current i LB is increased. On the other hand, when the switch S B2 is turned off, the inductor current i LB is freewheeling through the diode D B1 . The duty ratio D consists of a nominal duty ratio D n and a controlled duty ratio D c . To force the current i LB to track its current command i LB * , a PI-type current controller is utilized. When the output I LB of the voltage controller is greater than the limited current i LB,limit , the battery is charged with a constant current. By contrast, if i LB * is less than i LB,limit , the battery is charged with a constant voltage. 
B. Control Strategy

IV. EXPERIMENTAL RESULTS
To verify the proposed design approach, a 1-kW hardware prototype system has been built with the system parameters in Table 1 . Fig. 5 shows the photograph of the test bench for the prototype system. The hardware circuit of the prototype system is divided into two parts: the bidirectional converter with bidirectional switching circuits and microcontrollerbased control circuit. The hybrid power source consists of a 192-V, 2.3-kWh battery bank and 168-V, 5.8-F ultracapacitor bank. Fig . 7 shows the comparison of measured power efficiencies for different load conditions. In order to evaluate the efficiency improvement, the bidirectional converter has been tested for the suggested asymmetrical switching method and for the conventional switching method, respectively. For the conventional switching method, the DCM switching method has been used. When the conventional switching method is used, the bidirectional converter achieves the efficiency of 95.9 % at 1-kW load power. The DCM switching operation introduces a large current ripple, increasing turn-off losses of power switches. On the other hand, when the suggested switching method is used, the bidirectional converter achieves the efficiency of 96.3 % for 1-kW load power. The efficiency of 0.4 % is improved by the suggested switching method. Fig. 8(a) shows the battery voltage V BT , high output voltage V H , battery current i BT , and inductor current i LB for battery charging mode. For the initial voltages of V BT = 180 V and V H = 320 V, the inductor current i LB is controlled so that the battery current i BT is controlled constantly. For the step load change form 200 W to 990 W, the battery current is controlled from 1.1 A to 5.5 A. Fig. 8(b) shows the experimental waveforms of the system for battery discharging mode. For the output load change from 990 W to 200 W, the battery current is controlled from 5.5 A to 1.1 A. Fig. 9(a) shows the ultracapacitor voltage V UC , high output voltage V H , ultracapacitor current i UC , and inductor current i LB for ultracapacitor charging mode. For the initial voltages of V UC = 130 V and V H = 320 V, as the bidirectional converter supplies a constant of 3 A to the ultracapacitor bank, the ultracapacitor voltage increases from 130 V to 150 V linearly. Fig. 9(b) shows the experimental waveforms of the system for ultracapacitor discharging mode. For the initial voltages V UC = 150 V and V H = 320 V, as the bidirectional converter supplies a constant current of 3 A to the high voltage capacitor, the ultracapacitor voltage decreases from 150 V to 130 V linearly.
V. CONCLUSION
This paper has proposed a high efficiency power conversion system for battery-ultracapacitor hybrid energy storages. By using only one bidirectional converter, bidirectional power flow between the energy storage device and high voltage capacitor can be controlled. For batteries and ultracapacitors, the hybrid power source has been designed with bidirectional switching circuits for selecting one energy storage device. For high power efficiency, an asymmetric switching method is applied to the bidirectional converter. A 1-kW prototype system has been built and tested with a 192-V, 2.3-kWh battery bank and 168-V, 5.8-F ultracapacitor bank. The bidirectional converter using the asymmetric switching method achieves the efficiency of 96.3 % for 1-kW load power. Switching power losses are reduced by zero-voltage switching of power switches. The system operation with the hybrid power source has been evaluated by the experimental results. (b) Ultracapacitor discharging mode. Fig. 9 . Experimental waveforms of the system for ultracapacitor charging and discharging modes.
